Cereal Chem. 94(2): [130][131][132][133][134][135][136] The goal of this research is to understand the key factors affecting ethanol production from grain sorghum. Seventy genotypes and elite hybrids with a range of chemical compositions and physical properties selected fromI,2O0 sorghum lines were evaluated for ethanol production and were used to study the relationships of composition, grain structure, and physical features that affect ethanol yield and I ensientation efficiency. Variations of 22% in ethanol yield and 9 17(, in fermentation efficiency were observed among the 70 sorghum samples.
high and low conversion efficiencies were associated with attributes that may be manipulated to improve fcnnentation efficiency. Major characteristics of the elite sorghum genotypes for ethanol production by the drygrind method include high starch content, rapid liquefaction, low viscosity during liquefaction, high fermentation speed, and high fermentation efficiency. Major factors adversely affectin g the bioconversion process are tannin content, low protein digestibility, high mash viscosity, and an elevated concentration of amylose-lipid complex in the mash.
Little research has been conducted on the performance of sorghum cultivars in ethanol fermentation. Zhan et at (2003) studied the effect of genotype and location on ethanol and lactic acid production of a limited number of sorghum genotypes. Several researchers have investigated the digestibility of sorghum starch (Rooney and Pliugfelder 1986; Streeter et at 1990: Zhang and , and sorghum protein (Hamaker et al 1987; Hamaker 1998: Oria et at 2000; Duodu et at 2003) as related to its use in feed or food. Others have investigated the isolation of sorghum starch Seib 1995, 1996; Moheno-Perez et at 1999; Xie and Seib 2002; Mezo-Villanueva and Serna-Saldivar 2004) and its properties (Huber and BeMiller 2000; .
Several factors have been identified that reduce the digestibility of sorghum proteins and starches after cooking. Disulfide crosslinks, some endogenous in sorghum storage proteins and others formed during cooking, are thought to cause the poor digestibility of sorghum proteins and of starch associated with those proteins (Duodu et at 2003) . Some foodprocessing methods such as dry cooking (Duodu et at 2003) , extr6sion (Zhan et at 2006) , and fermentation may improve the digestibility of sorghum proteins and starches, but not to the extent observed for corn and wheat. These processing methods are either not applicable or not practical for ethanol production from grain sorghum.
Sorghum breeders are working with thousands of sorghum genotypes that are diverse in chemical composition and physical properties. Breeders normally select progeny for increased yield through resistance to disease and insect damage and through adaptation to soil and climate. Recently, however, sorghum cultivars with high protein digestibility and improved starch digestibility have been reported (Weaver et at 1998; Oria et at 2000; Elkin et at 2002) . By analyzing the relationship of genetics. grain component structure, molecular structure/function, and starch conversion to ethanol we were attempting to better understand the biological system factors affecting the bioprocessing of sorghum into ethanol. Understanding such relationships would allow improved identification of elite sorghum genotypes with high conversion efficiency for ethanol production. Success in identifying such elite genotypes would increase the production and utilization of sorghum and help meet the growing market demand for fuel ethanol.
The objectives of the current study were to select a relatively large and diverse set of samples from the very large pool of sorghum breeding lines, to evaluate their performance in a bench-scale drygrind conversion of sorghum to ethanol, and to identify the key factors affecting ethanol yield and conversion efficiency. The results found should assist sorghum breeders in the development of new and improved sorghum hybrids for ethanol production.
MATERIALS AND METHODS

Materials
Seventy sorghum genotypes and elite hybrids (a few hundred C, to 10 kg) with a broad range of chemical compositions and physical properties were obtained from the 2004 winter breeding nursery of NC+ Hybrids (Monsanto subsidiary) in Puerto Rico. The sorghum samples were cleaned by removing debris and other contaminants. Cleaned samples (100 g) were milled through it screen in a cyclone mill (Udy Corp., Fort Collins, CO) and used for chemical analysis. Samples for ethanol fermentation were ground into a tine meal with particle size <1.0 mm in a Magic Mill III Plus grain mill (Magic Mill Products & Appliances, Monsey, NY) set at level Ill. Summaries of the physical properties and chemical compositions of the sorghum samples are listed in Table I. Potassium phosphate monohasic, magnesium sulfate, dextrose, sodium acetate, hydrochloric acid, sodium hydroxide, and acetic acid were purchased from Fisher Scientific (Fairlawn, NJ). Agar, Difco yeast extract, and Difco peptone were front (Sparks. MD). Maltose. maltotriose. 4-morpholinepropanesulfonic acid (MOPS), and dimethyl sulfoxide (DMSO) were from Supelco (Bellefonte, PA). All chemicals were reagent-grade or better. The Megazyme total starch assay kits were obtained from Megazyme International Ireland Ltd. (Bray, Co.. Wicklow, Ireland).
Ethanol Fermentation
The liquefaction and saccharilication processes were the same as those described by Wu et at (2006b) . The components of the formulated media, containing 30.0 g of dry cereal samples, were mixed with 100 ml-of distilled water in 250-mL Erlenmeyer flasks. The mixed slurries were digested in a water bath shaker at 95°C for 45 min after the addition of 10 pL of Liquozyme SC DS (240 KNU/g, 1.25 g/mL; Novozyme, Franklinton, NC), an enzyme preparation containing a thermostable u-amylase as major component. During the early stage of digestion, flasks were shaken manually to prevent the formation of a gel. The digested mashes were taken out of the water bath after 45 min and cooled to 80°C, and a second dose of 10 pL of Liquozyme was added to each flask. The liquefaction step was continued in the water bath shaker at 120 rpm for an additional 30 min at 80°C. Then saccharification was conducted in a 60°C water bath shaker at 120 rpm for 30 min after 100 1iL of Spirizyme (750 AGU/g, 1.15 g/mL; Novozyme, Franklinton, NC), an enzyme preparation containing a glucoamylase as a major component, was added to each flask. The definitions of KNU and AGU are as described by Wu et at (2006a) .
After saccharification and cooling to room temperature, the fermentation medium was adjusted to pH 4.2-4.3 and inoculated with 5 ml. of 48-hr yeast preculture (2.0 to 2.8 x 108 cells/mL) to a cell concentration of zl.5 x 1()7 cells/mL (Wu et at 201)6a). Because ethanol fermentation by yeast is an anaerobic process, the fermentation flasks were sealed with 5-bubblers filled with z2 mlof mineral oil. The ethanol fermentation was performed in an incubator shaker (model 12400, New Brunswick Scientific, Edison, NJ) at 30°C for 72 hr at 150 rpm. The conversion efficiency was calculated from the theoretical yield of 56.72 g of ethanol produced from 100 g of dry starch (assuming 1 g of starch could be hydrolyzed into 1.11 g of glucose, and each gram of glucose could generate 0.511 g of ethanol).
Analytical Methods
The methods for the analyses of crude protein, lipid, and ash were AOAC 990.03, 920.39, and 942.05 (AOAC International 1999), respectively, and for starch were AOAC 996.11 or AACC 76-13 (AACC International 2000). Crude fiber was analyzed by the filter bag technique (Ankom Technology, http://www.ankom . com/O9procedures/procedures3.shtml) using Ankom A200 equipment. Ethanol and glucose concentrations in ferments were determined by HPLC (Wu et at 2006h) ; tannin contents in sorghum samples were determined by colorimetry (Price et al 1978) . Protein digestibility was determined by the modified pepsin method (Mertz et at 1984) . Methods for preparing mashes from ground sorghum and fermentation procedures followed those of Wu et at (2006b) .
Rapid ViscoAnalyser (RVA) Test
Ground sorghum samples (8.00 g, 14% moisture content) were dispersed in 21.0 ml-of distilled water in aluminum RVA cups to give mashes with 24% solid contents. The solids were dispersed by stirring at high speed (960 rpm) for 10 sec before the measurement phase. The viscosity properties of the tested samples were recorded for 10 min at 95°C with it stirring speed of 160 rpm.
J)ecortication of High-Tannin Sorghum Samples
Decortication of the high-tannin sorghum samples was performed in a tangential abrasive dehulling device (TADD) (Venables Machine Works. Saskatoon, SK. Canada) equipped with an 80-grit abrasive pad. Abrasion for 4 minremoved 10% of the original sample weight; abrasion for 8 min removed 20%.
Isolation of Sorghum Starch by Sonication
The decorticated (20% weight loss) sorghum samples were ground through a 0.25-mm screen in a Udy mill. Sorghum flour (2.5 g) was mixed with 50 mL of protein extraction buffer in a 300-ml-glass jar, and the slurry was sonicated for 2 min on a VCF-1500 ultrasonic processor (Sonic & Materials, Newtown, CT) with a 1-in. (25.4 mm) probe positioned 5 min the jar bottom. After sonication, the slurry was transferred into 50-mL plastic centrifuge tubes and centrifuged at 2.500 rpm for 5 mm. The supernatants were decanted and the pellets were washed by vortex mixing with z50 ml-of distilled water. The centrifugation and washings were done three times and the supernatants were discarded. Residual bran was removed by passing the slurry through a screen (62 tim) during the second washing. The final starch pellets were freeze-dried and ground gently into fine powder with a mortar and pestle (Park et at 2006) .
Differential Scanning Calorimetry (DSC) Analysis
Differential scanning calorimetry (DSC) analysis of meal and starch samples of sorghum and corn were performed with a Pyris 1 differential scanning calorimeter (Perkin Elmer Corp., Norwalk, CT) equipped with the Pyris I Data Analysis System for Windows. Samples (10 mg) were weighed into a stainless steel pan on a CAHN 21 automatic electrobalance (Cerritos, CA), and were mixed with distilled water (35 pL) to give mixtures with 75-80% moisture contents. The sealed samples were kept at 4°C overnight before being tested. A sealed, empty stainless steel pan was used as reference. All samples were held at 20°C for I min and heated from 20 to 160°C at 10°C/mm.
Confocal Laser Scanning Microscopy (CFLSM) Images
Proteins in the original sorghum or mash residue samples were labeled with fluorescein isothiocyanate (FITC) and examined by confocal laser scanning microscopy. Samples of 100 mg of sorghum flour (milled through a 0.25-mm screen with a Udy cyclone mill) or 200 mg of mash residues (separated by centrifuge before inoculation of yeast) were mixed with I mL of 0.05% FITC solution (in 0.5 mM, pH 8.0, sodium hydroxide) and incubated in dark for 1 hr at room temperature. After centrifugation at 10,000 x g for 4 mm, the pellet was spread on a glass slide and allowed to dry at room temperature in dark. Protein microstructure was visualized using a laser scanning microscope (Carl Zeiss Microlmaging, Thornwood, NY) with excitation wavelength at 488 nm and a 545-nm barrier filter (Lee et al 2001) . Optical sections of original sorghum or mash residue samples were collected with z-step of 0.09 pm throughout the sample thickness. Three-dimensional images comprised more than 25 laser-generated optical planes in zsectioning. Only the single optical plane in the middle of z-series overlaid from transmitted and fluorescence image is presented.
Statistical Analyses
One-way ANOVA in Microsoft Excel 2003 was used to analyze the data to determine significant differences among means.
RESULTS AND DISCUSSION
Ethanol yields varied by 22% and conversion efficiencies by 9% among the sorghum samples. Samples giving a high yield of ethanol generally gave a high conversion efficiency (Table 11 ). On average, waxy samples had high conversion efficiency, whereas brown, tannin-containing samples had a low efficiency. Genotypes with both high and low ethanol yields and conversion efficiencies were identified.
As expected, starch contents and bulk density showed positive effects on ethanol yields (P <0.001, Fig. I ), whereas protein (Fig. 2) , crude fiber, and ash contents showed negative effects on ethanol yields (P < 0.001). Conversion efficiency to ethanol by fermentation did not correlate linearly with the starch contents of the sorghums (R2 0.041, Fig. I) , which indicates that factors other than starch content affected the conversion process. There was a slight negative impact of protein content on conversion efficiency (Fig. 2) . The dry-grind process to produce ethanol from sorghum involves several steps: 1) grinding the grain; 2) gelatinization, liquefaction and, saccharification of starch; and 3) inoculation with yeast and fermentation of sugars to ethanol. Adverse effects may occur in any of those steps and may result in a lower yield of ethanol and reduced conversion efficiency.
Effects of Tannin Contents and Viscosity
Tannins are well known for their adverse effect on starch digestibility because of their ability to interact with proteins (including hydrolytic enzymes), metal ions, and polysaccharides (Davis and Hosney 1979; Deshpande and Salunkhe 1982; Rooney and Pflugfelder 1986; Schofield et al 2001) . We found that the liquefaction of starch in tannin sorghums was more difficult and slower than in normal and waxy sorghums. The finished mashes from high-tannin samples were more viscous (data not shown). The data in Fig. 3 for nine sorghum samples show that tannin contents had a strong adverse effect on conversion efficiency. The average efficiency of brown samples was 85.2 ± 1.31%, which was significantly (P < 0.05) lower than the averages of bronze (87.9 ± 1.01%), white (87.9 ± 1.36%), yellow (87.9 ± 0.88%), creamy (88.0 ± 1.28%), and red (88.2 ± 1.20%) samples. The difference in efficiencies among the other color groups (except brown) was not significant (P = 0.905). This further confirmed the adverse effects of tannin on conversion efficiency. The liquefaction of the grain mash results from the hydrolytic action of u-amylase on gelatinized starch, which converts the starch into maltose and dextrins. This process is critical for conversion efficiency, especially in high-gravity ethanol fermentation. A high viscosity in the mash may impair the accessibility of starch to the enzyme and, thus, delay the liquefaction process. Adding 10-20 times more thermostable at-amylase did not eliminate the slow liquefaction and resulted in high viscosity problems in the hightannin sorghums (Fig. 4) . The peak viscosities of the high-tannin sample after adding 10 and 20 times the normal dose of a-amylase were similar to the viscosity with the normal dose. The tannins in the sorghums evidently were present at concentrations capable of complexing with all of the extra added a-amylase.
Because tannins are located mainly in the pericarp and pigmented testa of the sorghum seeds, removal of the pericarp and testa (l0-20% decortication) reduced the tannin contents to negligible levels (<0.1%) ( Table II) . The RVA viscosity profile of the decorticated high-tannin sample was totally different than that before decortication and was similar to those of normal sorghums (Fig. 4) . The ethanol fermentation results with both high-tannin sorghum and the decorticated samples showed that decortication did improve the fermentation efficiencies of high-tannin sorghum samples to 87% (Corredor et al 2006) , although this was still below the levels Tannin content (%) Fig. 3 . Effects of tannin content on fermentation efficiency. of 90% efficiency for the best samples. This result indicates that other factors besides tannin may lower the digestibility of starch in sorghum (Rooney and Pflugfelder 1986; Elkin et al 1996) .
Effects of Sorghum Proteins
Although our results showed that protein contents in mashes of sorghum samples were not highly correlated with conversion efficiency (Fig. 2) , as did the results of Zhan et al (2003) and Zhang and Hamaker (1998) , the digestibility of proteins in the samples and the free amino nitrogen contents relate to digestibility of starch (Duodu et al 2003) and to ethanol yield (O'Connor-Cox et al 1991) . Our results (Table II) showed a similar trend; that is, the protein digestibility of waxy and normal sorghum were higher than those of high-tannin samples; the conversion efficiencies of waxy and normal samples were also higher than those of high-tannin samples. The digestibility of the proteins may be related to the extent of swelling in water. Some of the starches in grain sorghum are enmeshed in protein matrixes (Fig. 5) , and the swelling of the protein could increase the accessibility of the starch to amylolytic enzymes. The extent of protein swelling is likely to be negatively correlated with the degree of cross-linking of the storage proteins. Figure 5 displays a single optical plane of protein matrix (which would appear green) from the middle part of a typical sorghum sample before (Fig. 5A) and after (Fig. SB) mashing by using a zsectioning junction. Judging by the shape, size (l5-18im), and typical central hollow hilum, we are sure that these dark colored particles embedded within protein matrixes in Fig. 5A and B were starch granules. The protein matrix was distributed discontinuously and heterogeneously around and cross starch granules. After mashing, sorghum proteins appeared to have formed highly extended, strong web-like microstructures (Fig. 5B ). This agrees with the observation of Hamaker et al (2003) , who reported the formation of large extended web-like protein structures during cooking of sorghum flour paste. Small starch granules (5 ion) were tightly trapped within the web-like protein matrixes in some mash residues (dark and round particles in Fig. SB) . Changes related to protein structures during mashing could contribute to incomplete gelatinization and hydrolysis of starch and to the final conversion efficiency. We are still investigating the effect of sorghum protein on ethanol fermentation efficiency.
Effects of Thermal Properties
Compared with other cereals such as wheat, corn, and barley, the digestibility of starch in ground sorghum is somewhat lower (Rooney and Pflugfelder 1986; Ezeogu et al 2005) . Besides extrinsic factors, sorghum starch may have intrinsically reduced digestibility. The DSC thermograms of starches ( Fig. 6) sorghum and waxy corn were essentially the same: both displayed a single, smooth endothermic peak, with approximately the same onset, peak, and ending temperatures of 60-80°C. This indicated that the starches of waxy sorghum and waxy corn did not have an amylose-lipid complex that melted at 85-105°C, as was observed in the normal starches. The waxy starches were easily gelatinized and hydrolyzed, thereby achieving a high conversion efficiency in ethanol production. Our results (Table II) on conversion efficiencies of sorghum starches differing in amylose content showed a trend similar to that published for starch digestibility (Rooney and Pflugfelder 1986; Streeter et al 1990) . Basically, waxy cultivars showed a higher conversion efficiency than did nonwaxy cultivars.
The DSC thermograms of normal sorghum starch samples differed from those of waxy sorghum and even normal corn starches. The sorghum starches had a prominent endothermic peak between 90 and 105°C, which was assigned to an amylose-lipid complex because lipid-free starches did not have peaks in this temperature range and because reduced-lipid starches had smaller peaks than normal starch samples (Boltz and Thompson 1999) . The amyloselipid complex peaks in the normal sorghum starches usually had an area of 10-14% of the major endotherm between 60 and 80°C, whereas the areas of the amylose-lipid complex peaks in normal corn starch accounted for <10% of the area of the major endotherm. The proportion of amylose-lipid complex seems to he larger in sorghum starches than in corn starches. Because amyloselipid complexes have a high melting temperature and are resistant to enzymatic hydrolysis (Sievert and Pomeranz 1990) thermograms of sorghum starches may indicate why starch digestibility and ethanol conversion efficiency of sorghum are lower than for corn. Morrison (1995) reported that the contents of lipids and amylose-lipid complexes were much higher in nonwaxy cereals than those in waxy cereals. The DSC thermograms also illustrated why sorghum sample 4174 had a much lower conversion efficiency than that of sample 4224 (Fig. 7) .
Fermentation Rates
Fermentation rate plays an important role in the production capacity of an ethanol plant and therefore affects profit. Among the tested sorghum samples, fermentation of most samples was complete within 60-66 hr after inoculation. The fermentation of some samples proceeded much faster, however, and was complete in 40 hr (Fig. 8) . Increased concentrations of free amino nitrogen facilitated yeast fermentation of sugar to ethanol (O'Connor-Cox 1991) . The fermentation process could be shortened by 5-10 hr by increasing the addition of a yeast extract from 0.30 to 0.40% (Fig. 9 ). It seems that addition of free amino nitrogen could not reduce fermentation time by more than 20 hr. Further research is needed to reveal all the factors that contribute to the fast fermentation of some samples (e.g., 41 84c and 4222c).
CONCLUSIONS
A bench-scale dry-grind process has been used on grain sorghum to identify factors that affect ethanol yield and bioconversion efficiency. Sorghum genotype had a significant effect on final ethanol yield and ethanol fermentation efficiency. Variations of 22% in ethanol yield and 9% in fermentation efficiency were observed among the 70 sorghum samples. Major factors adversely affecting the bioconversion efficiency of grain sorghum include condensed tannin, high viscosity, low protein digestibility, protein and starch interaction, and the amount of amylose-lipid complexes. Waxy genotypes had higher average conversion efficiency and brown sorghums had the lowest conversion efficiency. While the results found in this research are useful and could be applied to improve sorghum for ethanol production, additional research is required to fully understand the effects of starch properties, and protein structure and function on the ethanol-producing potential of grain sorghum.
